Coastal seas and estuarine systems are highly variable in both time and space and with their heterogeneity difficult to capture with measurements. Models are useful tools in obtaining a better spatiotemporal coverage or, at least, a better understanding of the impacts such heterogeneity has in driving variability in coastal oceans and estuaries. A modelbased sensitivity study is constructed in this study in order to examine the effects of short-term variability in surface water pCO 2 on the annual air-sea CO 2 exchange in coastal regions. An atmospheric transport model formed the basis of the modelling framework for the study of the Baltic Sea and the Danish inner waters. Several maps of surface water pCO 2 were employed in the modelling framework. While a monthly Baltic Sea climatology (BSC) had already been developed, the current study further extended this with the addition of an improved near-coastal climatology for the Danish inner waters. Furthermore, daily surface fields of pCO 2 were obtained from a mixed layer scheme constrained by surface measurements of pCO 2 (JENA). Short-term variability in surface water pCO 2 was assessed by calculating monthly mean diurnal cycles from continuous measurements of surface water pCO 2 , observed at stationary sites within the Baltic Sea. No apparent diurnal cycle was evident in winter, but diurnal cycles (with amplitudes up to 27 µatm) were found from April to October. The present study showed that the temporal resolution of surface water pCO 2 played an influential role on the annual air-sea CO 2 exchange for the coastal study region. Hence, annual estimates of CO 2 exchanges are sensitive to variation on much shorter time scales, and this variability should be included for any model study investigating the exchange of CO 2 across the air-sea interface. Furthermore, the choice of surface pCO 2 maps also had a crucial influence on the simulated air-sea CO 2 exchange.
Introduction
The coastal ocean plays a crucial role in the global carbon cycle (Gattuso et al., 1998; Cai, 2011; Chen et al., 2013; Laruelle et al., 2014) . However, this role has not been fully resolved in global carbon budget estimations Regnier et al., 2013) . Coastal oceans provide a link between terrestrial, oceanic and atmospheric carbon, and large variations, both spatially and temporally, are found in these environments. Limited observational data from the coastal zone, in both space and time, has made it difficult to assess its contribution to the global carbon cycle, with any great accuracy (Laruelle et al., 2010; Regnier et al., 2013) . during several days in July 2005 at the Östgarnsholm site, also located within the Baltic Sea (Norman et al., 2013a) . At the same site, changes in the surface water pCO 2 of 700 µatm were measured between June and November (Rutgersson et al., 2008) . Mørk et al. (2016) observed a summer maximal diurnal variation of the gradient between the atmospheric and marine pCO 2 (i.e.
pCO 2 ) of 400 µatm at the Roskilde Fjord, Denmark, while a seasonal amplitude of approximately 300 µatm for pCO 2 was found at this site.
In order to obtain better spatial coverage of estuaries and coastal seas than what may be obtained by measurement alone, models are developed to investigate various aspects related to biogeochemical properties of the coastal ocean, such as carbon, nutrients and pH. However, short-term variability is not always incorporated in modelling studies. Some marine models ignore short-term variability in the atmospheric CO 2 concentration, when the air-sea CO 2 exchange is modelled (Omstedt et al. 2009; Gypens et al., 2011; Kuznetsov and Neumann, 2013; Gustafsson et al., 2015; Valsala and Murtugudde, 2015) . Similarly, when the air-sea CO 2 exchange is studied from an atmospheric perspective, i.e. with atmospheric models simulating atmospheric transport and sources and sinks of CO 2 , the atmospheric models tend to ignore short-term variability in surface water pCO 2 and instead use monthly climatologies (Geels et al., 2007; Law et al., 2008; Tolk et al., 2009; Broquet et al., 2011; Kretschmer et al., 2014) . Thus, models do not always apply the needed time resolution for simulating natural processes.
As a consequence, questions arise as to whether the estimated influence of the coastal oceans on the regional to global carbon cycle are biased, if short-term temporal variability is ignored in the parameters controlling the exchange of carbon across the air-sea interface. Often the CO 2 budget is assessed on an annual scale, and short-term variability is not always included. Identifying whether important contributions are lost when ignoring high temporal variability, allows for future recommendation and improvements of models. Therefore, in this study, we systematically investigate the impact of short-term temporal variability of pCO 2 on the air-sea CO 2 exchange in a coastal region covering the Baltic Sea and the Danish inner waters. This systematic investigation is carried out as a model sensitivity study, where the model framework is based on an atmospheric transport model including a description of the air-sea exchange. The temporal resolution of pCO 2 , in both atmosphere and surface waters, is varied over the range of monthly to sub-hourly. It is important to note that a marine process study of what drives the short-term variability in surface water pCO 2 in coastal areas is not conducted here, rather we focus on investigating the impact of short-term temporal variability on carbon fluxes between atmosphere and coastal oceans. Furthermore, we examine the response of the air-sea CO 2 exchange to an improved nearcoastal (10 km offshore) pCO 2 representation for the Danish inner waters.
Method

Study area
The present study focused on the Baltic Sea and the Danish inner waters. The Baltic Sea is a semi-enclosed continental shelf sea area receiving a large amount of runoff from the surrounding drainage area. This results in a low salinity outflow of surface water from the area, which in turn is ventilated by a bottom inflow of saline water from the North Sea, which passes through the narrow straits in the Danish inner waters (Bendtsen et al., 2009 ). Due to the vast amount of terrestrial runoff, large quantities of nutrients and terrestrial carbon are added to the Baltic Sea (Kuliński and Pempkowiak, 2011) .
Surface water pCO 2
Several surface maps of pCO 2 , with varying resolution in time and space, were used in the current study, in order to investigate the importance of both the spatial and temporal variability of surface water pCO 2 on the air-sea CO 2 exchange. Lansø et al. (2015) created a monthly surface water pCO 2 climatology for the Baltic Sea and Danish inner waters, based on a combination of observed values of pCO 2 and a number of water chemistry parameters for this area. The Baltic Sea climatology (BSC) has been further developed to also include improved maps of near-coastal pCO 2 for the Danish inner waters (fjord systems and straits). The coastal region of the Danish inner waters has been defined as reaching up to 10 km offshore from any Danish coastline.
These coastal pCO 2 values were calculated from discrete monthly samples of alkalinity, pH, water temperature ( • C) and salinity (psu), using data from the Danish National Aquatic Monitoring and Assessment Program (DNAMAP, Kaas and Markager (1998) ), for the period of 2000 to 2011. Calculations of pCO 2 were performed using the speciation programme, CO2SYS (Lewis and Wallac, 1998) , where the seawater scaled was used for pH. Cole et al. (1994) showed that the pCO 2 values, calculated using this approach, have a strong and unbiased relationship with direct measurements of pCO 2 (r 2 = 0.88, N = 330).
Samples from 1 m depth were used to measure alkalinity using the Danish Standards or Gran titration (Mackereth et al., 1978; Markager and Fossing, 2015 . Likewise, pH were measured on samples collected at a depth of 1 m using a bleeding electrode calibrated to either pH 4 og 7 according to technical guidelines and procedures for the DNAMAP database (Kaas and Markager, 1998) . Data on salinity and water temperature at 1 m were extracted from water column conductivity, temperature and depth profiles. Depending on the region, 12 to 46 samples were taken per year. For each region, data were aggregated to create monthly average values.
Six subdivisions of the Danish coastal inner water were constructed in this study. Five of these subdivisions cover individual fjords, where water chemistry has been measured, and the last subdivision is a combination of the Danish inner waters, the near-coastal area and the remaining Danish fjords (Fig. 1) . Even though variations can be found within these six areas, this division was made in order to have sufficient amount of observational data to construct the climatology for the individual subdivisions. Like the original pCO 2 climatology, the calculated near-coastal Danish pCO 2 has been normalised to the year 2000, assuming an annual growth rate of 1.9 µmol yr −1 for CO 2 in the Baltic region. A clear seasonal cycle is evident in the monthly coastal pCO 2 climatology, with the highest values in winter and the lowest in spring and summer (Fig. 2) . In general, the calculated near-coastal Danish pCO 2 values were higher than the pCO 2 values in the BSC climatology (Fig. 3) .
A second surface pCO 2 data product, developed by Rödenbeck et al. (2013 Rödenbeck et al. ( , 2014 , was also applied to the current study (hereafter referred to as JENA). This product has daily fields of surface water pCO 2 , on a 2 o × 2 o grid resolution, from 1985 to 2012 (note the higher resolution than in the original papers). It has been constructed with the use of an observationdriven ocean mixed layer scheme, where a mixed-layer carbon budget equation, within each pixel, is used to calculate the surface pCO 2 and the air-sea CO 2 exchange. Hereafter, a cost function minimises the difference between the observed data points of pCO 2 and the modelled data points corresponding, in space and time, to the observations. Lastly, interpolation is used for areas and times with no observational data coverage. The pCO 2 observations used to constrain the modelled pCO 2 have been obtained from the Surface Ocean CO 2 Atlas (SOCAT), version 2 .
For the study area, the same tendency for the seasonal cycle of pCO 2 was observed for the BSC and JENA maps (Fig. 4 , note: monthly means of pCO 2 for the JENA data product have been conducted for 2011), with the highest pCO 2 surface values during winter and lower values in summer. However, the seasonal amplitude of the Baltic climatology was 50-100 µatm larger than JENA.
Diurnal variability of surface water pCO 2 in the Baltic Sea and in the Danish waters was assessed by using the few available, continuous time series of measured surface water pCO 2 , recorded at stationary sites within the Baltic Sea. It was important that the surface data was obtained from stationary sites, in order to only account for the temporal variability. Of the two sites, one (Kuss et al., 2006) . Water depth in this region is 45 m, with surface water typified by an outflow of brackish water from the Baltic Sea, while deeper water is more saline, originating from the North Sea (Weiss et al., 2007) . Due to instrumental breakdown, a few data gaps are present in the time series. The Öster-garnsholm site (57 • 27 N, 18 • 59 E) has been in operation since 1995. A SAMI-CO 2 censor was positioned 1 km southeast of the micro-meteorological site at Östergarnsholm, at a depth of 4 m and was used in periods for continuous measurements (Rutgersson et al., 2008) . Upwelling events may occur along the coast, when the wind direction is south to southwest (Norman et al. 2013a ). The obtained pCO 2 from Östergarnsholm spanned the period of April to August, 2012. In the two data-sets, the measured pCO 2 varied between 140 and 540 µatm and short-term variations, of more than 150 µatm, were seen over a few days (Fig. 5) . The Arkona Sea site may be seen to represent the more open water conditions of the Baltic Sea, while the Öster-garnsholm site may be considered to represent more coastal conditions. From April to August the pCO 2 levels at Öster-garnsholm were generally lower than at Arkona Sea. This may possibly have been due to a combination of two things: inter- annual variability, as the measurements at the two sites were from different years, and the site representation of open water vs. coastal areas, as mentioned above.
Both diurnal and meso-scale variability were present in the observed time series of surface water pCO 2 . These may be linked to changes in both atmospheric and marine system and processes. The focus, in this study, has been placed on the diurnal variability, with the construction of diurnal cycles of pCO 2 on a monthly basis, i.e. one diurnal cycle was calculated for each month, where data existed at either of the two sites. To calculate the mean diurnal cycles, the approach as in Leinweber et al. (2009) was applied. First the mean monthly diurnal anomaly was obtained by removing a central 24 h running mean from the pCO 2 time series in the month under investigation. Thereafter, the diurnal cycle was calculated by taking the mean of each hour, every day. In cases where data from the same month existed at both sites, a mean diurnal cycle was calculated from the two obtained diurnal cycles. Sufficient quantities of pCO 2 were only available for eight months of the year. While no apparent diurnal variability was evident in February (Fig. 6 ), distinct diurnal variability was observed in the remaining months (April, May, June, July, August, September and October).
The amplitudes of the calculated diurnal cycles were much smaller than the short-term variability seen in the raw data from the two sites. Thus, the calculated monthly diurnal cycles did not capture the potentially much larger variability that may occur. Therefore, one month with a dense data coverage of measured surface pCO 2 was also examined within the modelling framework. In the selected month (Arkona Sea July 2004), the actual variability of surface pCO 2 showed (Fig. 7) several episodes where the pCO 2 changed by more than 50 µatm within a day.
Model setup 2.3.1. Modelling framework. The Danish Eulerian
Hemispheric Model (DEHM) was used for the present study. The DEHM model is a three-dimensional atmospheric chemical transport model with 58 chemical species and nine classes of particulate matter (Christensen, 1997; Brandt et al., 2012) . A previously developed special version of the DEHM model that only simulates atmospheric transport of CO 2 has been shown to perform very well (Geels et al., 2002; Geels et al., 2004; Geels et al., 2007) . It is this CO 2 version of DEHM that was used and further developed in the current study. DEHM has 29 vertical layers and covers the Northern Hemisphere with a resolution of 150km × 150km and, with increasing resolution in nests, zooms in on Europe (50km × 50km), Northern Europe (16.7km × 16.7km) and Denmark (5.6km × 5.6km). The time step of the DEHM model meets the criteria for stability, and thus depends on both grid size and wind velocity, typically being in the range of 3-20 min.
The meteorological forcing used in DEHM was simulated by the Weather Research and Forecast Model (WRF) (Skamarock et al., 2005) , which makes use of the same nests as the DEHM model, and uses the ERA-Interim meteorological data as the outer boundaries (Dee et al., 2011) .
Surface fluxes of CO 2 from NOAAs ESRL Carbon Tracker system, version CT2013b , were applied in the DEHM model for anthropogenic emissions, wild fire emissions and biospheric fluxes. Here, the optimised biosphere fluxes were used. Their resolution is 1 • × 1 • , with updated values every three hours. However, for Europe, hourly anthropogenic emissions on a 10 km × 10 km grid, from the Institute of Energy Economics and the rational Use of Energy (IER) (Pregger et al. 2007) were applied. For the nest over Denmark, these were substituted for emissions with a higher spatial resolution of 1 km × 1 km (Plejdrup and Gyldenkaerne, 2011) . As the European and Danish emission inventories were from 2005 to 2011, the emissions were scaled to the total annual national emissions of fossil fuel and cement production as recorded by EDGAR (Olivier et al., 2014) , in order to include the yearly variability in national anthropogenic CO 2 emissions. Central to this sensitivity study is the description of the air-sea CO 2 exchange. In the modelling framework this was simulated by equation:
where K is solubility calculated as in Weiss (1974) , k 600 is the transfer velocity of CO 2 normalised to a Schmidt number of 600, and pCO 2 is the difference in partial pressure of CO 2 between the surface water and the overlying atmosphere. The transfer velocity parameterisation
found by Ho et al. (2006) was used in the present study with u 10 denoting the wind speed and Sc CO 2 the Schmidt number. Calculations of the air-sea CO 2 exchange occurred at each modelled time step.
Experimental design.
In order to investigate the influence of the temporal resolution of pCO 2 on the air-sea CO 2 exchange, various model simulations were conducted, where only the temporal resolutions of pCO 2 in water and atmosphere were changed (Table 1 ). The temporal resolution of pCO 2 in simulations with the BSC was either monthly or hourly, where the hourly resolution of the pCO 2 fields was obtained by imposing the average monthly diurnal cycles onto the corresponding monthly surface field. The diurnal cycles followed the local hour in the DEHM model grids. Due to a lack of data, it was not possible to estimate average diurnal cycles representing the conditions during January, March, November and December, so values from months representing corresponding seasons were applied. Thus January, November and December used the diurnal variability from February, while data from April was used for March. The temporal resolution of atmospheric pCO 2 was equal to the time step of the model, except for one simulation, where monthly means were applied.
To analyse the effect of daily pCO 2 fields on the air-sea CO 2 exchange, simulations with the JENA pCO 2 surface product were performed. In order to isolate the effect on the air-sea CO 2 exchange from the time resolution of surface water pCO 2 , and disregarding the impact of different pCO 2 surface products, three simulations were conducted with the JENA surface product. One had the original temporal resolution, i.e. daily, for the second simulation monthly means of surface water pCO 2 from the JENA product was used, and for the last simulation the monthly diurnal cycles were imposed onto the mean daily JENA pCO 2 fields. Thus, the three JENA simulations allowed for examination of the impact on the air-sea CO 2 exchange from three different temporal resolutions of surface water pCO 2 ; monthly, daily and diurnal. A short simulation for the month of July was conducted with real time variability of pCO 2 , as observed at the Arkona Sea platform in July 2004. The hourly, real time variability was applied to each grid of the July BSC pCO 2 field and followed the local hour of that specific model grid.
Furthermore, the spatial variability in near-coastal areas was also examined. The pCO 2 in fjord systems, shallow and nearcoastal areas can differ from pCO 2 of more open waters. This effect on the air-sea CO 2 exchange was investigated by conducting simulations that included or excluded the improved nearcoastal pCO 2 maps for Danish inner waters. The near-coastal pCO 2 maps were only included in the inner nest of DEHM (with resolution of 5.6 km × 5.6 km), in order to ensure the near-coastal representation. In the other nests of DEHM, the resolution was too coarse to resolve this sufficiently.
All simulations were conducted for year 2011, and model inputs were in accordance with this year.
Results
Temporal resolution 3.1.1. Baltic Sea climatology.
Results from the 50 km × 50 km nest were used to examine monthly and annual means for the Baltic Sea and Danish inner waters for the simulations vacm, vavm and cacm (Table 1) , which all included the surface fields from BSC. On an annual basis, all three simulations resulted in an release of CO 2 to the atmosphere for the Baltic Sea and Danish inner waters (Table 3) . Comparing the results of the three simulations, using vacm as the reference, it is evident that excluding short-term variability in atmospheric pCO 2 (cacm) resulted in a lower annual outgassing, while including short-term variability in the surface water pCO 2 , increased the simulated outgassing by 15% from 448 GgC yr −1 to 514 GgC yr −1 . Aclear seasonal cycle in the air-sea CO 2 exchange was present in the three simulations, with outgassing in winter and uptake during spring and summer (Table 2 ). The largest percentage difference between these simulations are found in the transition months between uptake and outgassing of CO 2 , where atmospheric and oceanic levels of pCO 2 are close to equilibrium. Differences between vacm and cacm were smallest in the summer season (May to August), and thus ignoring variability in atmospheric CO 2 , has the greatest impact on the air-sea CO 2 flux during winter.
Time series of u 10 , pCO 2 in both surface water and atmosphere, air-sea CO 2 exchange and flux difference between simulations for January and July 2011 of the vacm, vavm and cacm runs are shown in Appendix A, Fig. A1 and Fig. A2 . The time series were extracted at BY5 (55 • 15 N, 15 • 59 E), a marine monitoring site in the Baltic Proper (Fig. 1) . Short temporal variability were evident in the controlling parameters of the airsea CO 2 flux, and the variations in the air-sea CO 2 fluxes were clearly seen to be linked to variations in wind speed and pCO 2 , with high wind speeds amplifying the air-sea CO 2 flux and the differences in the flux between the simulations.
Real variability.
For July 2011, a simulation (RV_vavm) with measured variability of surface water pCO 2 was conducted for the Baltic Sea and Danish inner waters, which simulated monthly uptake for the six sub-basins within this area (Table 4) . These monthly RV_vavm fluxes deviated more from vacm and vavm, than what the latter two deviated from each other. In four out of the six sub-basins, the smallest uptake is seen for RV_vavm. Thus, using RV_vavm reduce the marine uptake of atmospheric CO 2 during July. Numerically, the largest changes were obtained for the Western Baltic and the Baltic Proper -the two sub-basins with the greatest area, while the largest percentage change was obtained for Kattegat. Here, the surface water pCO 2 was closest to the atmospheric CO 2 levels.
Short-term variability of the RV_vavm simulation was examined at the Risø site (55 • 41 N, 12 • 05 E), a coastal site in the Roskilde Fjord, Denmark (Fig. 1) . The real time variability used for the surface water pCO 2 resembled a diurnal cycle (Appendix A, Fig. A3 ) with diurnal amplitudes up to 80 µatm, while the diurnal amplitude in the vavm simulation only amounted to 20 µatm for July. At this coastal site, the atmospheric CO 2 concentration was in phase with the marine pCO 2 , with high night time values that were lowered during the day. During the growing season, this is typical behaviour for continental atmospheric CO 2 concentrations, and is known as the rectifier effect (Denning et al. 1996) . Boundary layer dynamics works together with plant photosynthesis to lower the atmospheric CO 2 during the day, while at night together with plant respiration to increase it.
The importance of observed variability in surface water pCO 2 , as compared to the diurnal cycle used in vavm, may be assessed by the air-sea CO 2 flux difference between the two simulations (Appendix A, Fig. A3 ). This flux difference followed the pattern of pCO 2 from the RV_vavm simulation, and was greatest during time periods with medium to high wind speeds. Episodes with very different surface water pCO 2 between RD_vavm and vavm, but with low wind speeds, resulted in similar air-sea CO 2 exchanges, again emphasising the large influence of wind speed.
JENA.
Results from the simulations based on JENA were also analysed for the Baltic Sea and Danish inner waters. The total annual flux for the area changed by 96% and 123 %, when the temporal resolution of the surface water pCO 2 was changed from monthly to daily and diurnal (Table 5 ). The study region changed from being an annual sink (jena_mon), to an even smaller sink close to neutral (jena_day), and then to a source (jena_dv) of atmospheric CO 2 . In all three simulations, outgassing was simulated during winter and uptake was simulated from March to September. The largest differences between jena_mon and jena_day or jena_dv are obtained during the winter season when outgassing occurs. Here the release of CO 2 increased by 4.0 and 4.7%, respectively.
The greatest changes in the air-sea CO 2 exchange between jena_mon and jena_day/jena_dv were obtained in the periods where the surface water pCO 2 changed rapidly. Annual time series of surface water pCO 2 for the JENA simulations at BY5 (Fig. 8) showed that these transition periods occurred in two main periods. From February to April, the biological activity during spring resulted in the decrease of surface water pCO 2 , but in May the strength of the spring bloom subsided, and the pCO 2 consequently increased. In the months of October and November mineralisation take place, the effect of which results in a rapid increase in surface water pCO 2 (Wesslander et al., 2010) . Changes of up to 100 µatm within a month and 50 µatm within a week were seen for the jena_day simulation during 2011.
The importance of the different temporal resolutions of surface water pCO 2 in the JENA simulations were clearly illustrated at the Risø site from 20 to 31 July 2011 (Appendix A, Fig. A4 ). During this period pCO 2 of jena_day was below the monthly mean value of jena_mon, while the diurnal variability within jena_dv provided night time pCO 2 values higher than the monthly mean. The different resolution of pCO 2 were evident in the simulated air-sea CO 2 exchange, and even further the shortterm variability of jena_day and jena_dv were transferred into the flux differences of jena_mon vs. jena_day, and jena_mon vs. jena_dv.
Impact of including improved coastal pCO 2
Outputs from the inner nest of the DEHM model were used to investigate the influence of an improved near-coastal pCO 2 climatology in the Danish inner waters. Air-sea CO 2 fluxes for the Danish coastal inner waters, as simulated in the four different model runs using the BSC data, were compared throughout 2011. Excluding the near-coastal regions in the simulation gave significant changes in the CO 2 fluxes and on an annual basis changed the region from a source to a sink (Table 6) . Both with and without the near-coastal surface water pCO 2 climatology a seasonal cycle in the air-sea CO 2 exchange was apparent for the near-coastal Danish areas (Table 7, Table 8 ).
In simulations, where the improved coastal pCO 2 was included, the seasonal cycle of the air-sea CO 2 exchange in the Danish coastal area experienced large outgassing in winter and autumn. Even during summer, outgassing was apparent, albeit to a much smaller extent, with August being an exception and showing an uptake of atmospheric CO 2 . The total flux for the Danish nearcoastal area was dominated by the largest coastal sub-domain (referred to as the Danish inner coast) and contributed approximately with 96 % of the estimated annual flux. In this domain, outgassing was simulated for all months exceptAugust, while the remaining fjords/sub-areas generally had uptake during spring and summer. The Roskilde Fjord takes up atmospheric CO 2 from March to June, which is consistent with Eddy Covariance and Bulk CO 2 fluxes measured and calculated at the Roskilde Fjord during 2012-2014 (Mørk et al., 2016) .
Discussion
Temporal resolution and variability of surface water pCO 2
As pointed out by previous studies, biological activity is a governing parameter of the seasonal variability of surface water 2013b)). During the season of biological production (i.e. spring and summer), the consumption of CO 2 has the largest impact on surface water levels of pCO 2 in the Baltic Sea (Wesslander et al., 2010) , while mineralisation and mixing dominates during the autumn and winter. Furthermore, the solubility effect of temperature counteracts both the mineralisation and mixing during the winter period, and the biological production during spring and summer, limiting the seasonal amplitude. The seasonal cycle of pCO 2 varies within the Baltic Sea, due to the heterogeneity of the region (Rutgersson et al., 2008; Wesslander et al., 2010) . The monthly and daily surface maps of pCO 2 , developed and used in the present study, are in agreement with previous studies, showing similar seasonal patterns of surface water pCO 2 (Fig. 4) Diurnal variability has not previously been assessed in detail for the study area. The present study finds from April to October a clear trend in the calculated diurnal cycles of pCO 2 for the Baltic Sea, with diurnal amplitudes in the range of 7 to 27 µatm. The lowest pCO 2 values are being recorded in the middle of the day and the highest during the night, which indicates that biological productivity and respiration also has a dominant impact on the diurnal cycles in the region (Fig. 6) . However, even large short-term variations of hours to days have been noticed within the study area. Norman et al. (2013a) measured diurnal variations in surface water pCO 2 of 150 µatm at Öster-garnsholm, in July 2005. Mørk et al. (2016) found short-term variability of 400 µatm in pCO 2 at Roskilde Fjord, which was measured approximately 160 m from the shore. The summer mean diurnal cycle was 180 µatm for surface water pCO 2 , but even during winter, a substantial diurnal cycle of 40 µatm has been observed (Mørk, 2015) . The monthly averaged diurnal cycles of surface water pCO 2 , constructed in the present study, are much smaller than what was found for the Roskilde Fjord. However, this seems reasonable, as the Roskilde Fjord is a estuarine system and the pCO 2 measurements were conducted close to the shore, while the calculated diurnal cycles of pCO 2 in this study were based on data collected from the more open water areas of the Baltic Sea (Arkona Sea and Östergarnsholm). Thus, the calculated monthly averaged diurnal pCO 2 cycles may be conservative estimates for some areas within the study region, particularly for the fjords and near-coastal regions.
A summer diurnal amplitude of 22 µatm in surface water pCO 2 was found off the Californian coast at Santa Monica Bay (Leinweber et al., 2009) . As in the present study, several weeks of continuous measurements provided a solid base for their estimation of a mean diurnal cycle in pCO 2 . This coastal up-welling system differs in many aspects from the Baltic Sea system. Temperature, for example, was found to have a larger influence than biology on the diurnal cycle of the surface water pCO 2 at this site.As similar amplitudes of summer diurnal cycles may be obtained in different coastal systems (upwelling and marginal seas), it does not seem unreasonable that coastal seas experience a diurnal variability of 20 to 25 µatm, which is much greater than the diurnal variability observed for the open ocean (DeGrandpre et al., 2004) .
The actual variability applied in the RV_vavm simulation is from the Arkona Sea site, and thus represents the more open water conditions of the Baltic Sea. Continuous measurements from Östergarnsholm showed similar variability to that found at the Arkona Sea site, while those from the Roskilde Fjord showed much larger variability. It is, therefore, not unreasonable to use the actual variability found at Arkona Sea as an approximation for the entire Baltic Sea . It might, however, not be realistic to use the same variability in surface water pCO 2 for the entire Baltic domain simultaneously, due to the heterogeneity of the Baltic Sea. But for the present sensitivity study, the use of actual, real variability in the entire Baltic Sea serves as an excellent method to assess the effect of including realistic short-term variability of surface water pCO 2 on the air-sea CO 2 exchange. A feature of the RV_vavm simulation is that variability from meso-scale systems in surface water pCO 2 is also included. The monthly simulated air-sea CO 2 flux shows a deviation from the simulation with the idealised calculated diurnal cycle, and reveals the importance of including short-term variability of pCO 2 on both meso-and diurnal time scales.
Annual air-sea CO 2 exchange
The effect of the temporal resolutions of surface water pCO 2 on the annual air-sea CO 2 exchange is notable for the study region. For the simulations using the BSC, the annual air-sea CO 2 exchange increases by 15%, when diurnal variability in surface water pCO 2 is included, resulting in a simulated larger release of CO 2 to the atmosphere, for 2011. For the one month simulation using actual variability in surface water pCO 2 , RV_vavm, the CO 2 uptake is reduced, compared to the vacm and vavm simulations for this month. This indicates how important the implementation of realistic temporal variability in surface water pCO 2 is for the air-sea CO 2 exchange. Simulations using the JENA surface product indicate that a systematic bias is introduced in the annual flux of CO 2 across the air-sea interface when a lower temporal resolution in the pCO 2 is used. The marine area even changes from being an annual sink to a source, when the temporal resolution is increased.
Both in summer and winter positive and negative flux differences are obtained among the simulations (Appendix A, Fig.  A1-A4 ). According to Table 2 and Table 5 the largest differences are found in the outgassing season and in particular in the transition months, where the region changes from a source to a sink and vice versa. The main hypothesis to explain this is related to the parameterisation of the transfer velocity that is non-linearly dependent on wind speed. As seen in the time series plots (Appendix A, Fig. A1-A4 ) the flux differences between the simulations are greatest for high wind speeds. With a tendency of higher wind speed during the winter season, the largest overall flux differences are found here, and the outgassing is amplified when the temporal resolution is increased for both BSC and JENA.
The simulations conducted in the present study show that the annual estimate of the air-sea CO 2 exchange is sensitive to the temporal resolution of surface water pCO 2 . Measurement studies come to similar conclusions: episodic variations of pCO 2 within 30 days can impact the monthly flux estimates by 20-50% during spring and fall in the Gulf of Main (Vandemark et al., 2011) , and a storm event in connection with an increase in pCO 2 has been found to increase the monthly air-sea CO 2 flux by 66% in the Roskilde Fjord (Mørk et al., 2016) . Studying the spatiotemporal resolution in the California current system, Turi et al. (2014) noted that the existing observations for this particular area were sufficient to estimate a mean annual flux, but the observational network needed to be expanded in order to assess the variability around this mean, in time and space. Global estimates of the total coastal air-sea CO 2 flux also fail to include short-term variability, in particular, due to lack of data. Laruelle et al. (2010) used annual estimates of the air-sea CO 2 exchange from 62 locations, while Chen et al. (2013) included seasonality in their annual estimations. However, only 28 out of 165 estuaries are represented in all seasons, while 26 out of 87 continental shelves are represented in all seasons.
It is thought that coastal seas and estuaries have a disproportionately large effect on the global air-sea CO 2 exchange. Global estimates of coastal and estuarine air-sea CO 2 fluxes are still uncertain and vary from -0.19 PgC yr −1 to -0.45 PgC yr −1 , and 0.1 PgC yr −1 to 0.50 PgC yr −1 Borges, 2005; Chen and Borges, 2009; Laruelle et al., 2010; Chen et al., 2013; Laruelle et al., 2014) . As seen from these estimates, the air-sea CO 2 flux for the total coastal area (i.e. coastal seas and estuaries) could potentially be close to zero. Including short-term variability in surface water pCO 2 adds to the complexity, and is not necessarily averaged out in the estimates of the annual air-sea CO 2 exchange, as shown by the current sensitivity study. Some of the uncertainties related to the flux estimates might, therefore, be minimised by including short-term variability. On the other hand, however, imposing short-term variability on surface water pCO 2 introduces uncertainty, especially as short-term variability differs from site to site and continuous data from stationary sites are unable to assess the temporal variability while also validating it. Even though shortterm variability in open oceans is less than that found in coastal areas, it could have an impact on the air-sea CO 2 exchange and its direction for areas with pCO 2 values close to the atmospheric CO 2 concentration. Thus, ignoring short-term variability in open oceans could also have a potential effect on the annual global estimate of the air-sea CO 2 exchange.
Atmospheric influence
Atmospheric short-term variability of CO 2 was found to be averaged out and have only a limited impact on the annual air-sea CO 2 exchange in the Gulf of Main (Vandemark et al., 2011) . On the contrary, the present study finds that atmospheric variability has an influence on both the seasonal and annual regional fluxes for the Baltic Sea. Marine models supplying monthly atmospheric CO 2 boundary conditions in coastal regions, potentially introduce a systematic bias into their flux estimates of CO 2 flux across the sea surface, when they ignore short-term variability in the atmosphere.
When discussing short-term variability in relation to the airsea CO 2 exchange, it is also worth mentioning the importance of wind speed. It has an important impact on the air-sea CO 2 exchange and, as seen in the present study, large deviations in pCO 2 between the simulations do not necessarily result in flux differences, unless the wind speed supports it. Therefore, high spatiotemporal resolution of the wind speed should also be included in all modelling studies of the air-sea CO 2 exchange.
Importance of the applied surface pCO 2
The improved surface pCO 2 climatology of the near-coastal areas for the Danish inner waters shows greater seasonality than the BSC for this specific area. Only few measurements exist of measured surface water pCO 2 in Danish near-coastal areas, and the calculated values of the Danish near-coastal climatology is thus difficult to certify. However, the obtained seasonal trends are undoubtedly accurate and mimics that of the Baltic Sea. Measurements of pCO 2 at the Roskilde Fjord, Limfjorden and Aarhus Bay (comparable to the Danish inner coast) conducted during spring, summer and fall 2012 (Mørk, 2015) , show that the calculated surface water values of pCO 2 for the near-coastal areas of the Danish inner waters, in general, appear to be within the anticipated range, while the calculate spring values for the Roskilde Fjord, and the summer values for Limfjorden, seem too high. These differences are expected due to the different methods used for sampling (directly measured pCO 2 vs. calculated pCO 2 based on water chemistry) and time periods (one day transect measurements vs. a monthly climatology). Consistency between measured and calculated values of pCO 2 was likewise found during the construction of the BSC climatology, which is partly based on measured pCO 2 and calculated pCO 2 (see Lansø et al. 2015) .
The differences in both monthly and annual air-sea CO 2 exchange for the Danish coastal areas are substantial when simulations are conducted with and without the Danish near-coastal pCO 2 climatology. The change of surface water pCO 2 climatology is more influential than the temporal resolution of surface water pCO 2 , for this coastal area. This indicates that caution should be taken when global open ocean pCO 2 is extrapolated to coastal sites, and when the air-sea CO 2 exchange is assessed for these regions. This has typically been the standard in many atmospheric studies of CO 2 , where the global open ocean pCO 2 climatology by Takahashi et al. (2002) , Takahashi et al. (2009) and Takahashi et al. (2014) is extrapolated to cover all marine areas (e.g. Geels et al., 2007; Law et al., 2008; Tolk et al., 2009; Broquet et al., 2011; Kretschmer et al., 2014) .
For the entire Baltic Sea, the impact of the chosen surface pCO 2 maps is also clear. The use of the BSC maps results in a simulated annual release of CO 2 to the atmosphere (Table 3) . For the JENA simulations only jena_dv has a small release in 2011, while jena_day is close to neutral and jena_mon shows an uptake (Table 5) .
The most realistic model simulation conducted in the present study is the jena_dv. Here, the mean diurnal cycles were imposed onto the daily JENA fields, which provided a more dynamic and reasonable temporal development of surface water pCO 2 than when the diurnal cycles were imposed onto the monthly fields.
However, the approach of using various maps of surface water pCO 2 in the present sensitivity study is simplification of reality. A model system containing both a marine, atmospheric and biospheric components, and the coupling between them would be an improvement. Doing so, the linkage between the terrestrial biosphere and Baltic Sea could also be assessed, which for the Baltic Sea is important, as river runoff provides the majority of the dissolved organic carbon to the area (Kuliński and Pempkowiak, 2011) . It would be interesting to investigate whether temporal variability in runoff affect the carbon budget of the Baltic Sea, on seasonal or interannual time scale. Such variability in runoff could arise from the impact of extreme weather, such as precipitation events (Bauer et al., 2013) or drought.
Conclusion
In the present study, the impact of including short-term variability in surface water pCO 2 , when making annual budget estimates of air-sea CO 2 exchange in coastal regions, has been explored. A model-based sensitivity study was constructed where various temporal resolutions of surface water pCO 2 were applied, ranging from monthly to hourly. Three different surface maps of pCO 2 were used: the BSC, the BSC with an improved coastal representation, and JENA.
Monthly mean diurnal cycles of surface water pCO 2 were calculated for the Baltic Sea, based on two observed time series. No clear cycles was seen in winter, but diurnal amplitudes during the boreal summer were found to be between 7 and 27 µatm, which is comparable to other coastal studies.
The monthly mean diurnal pCO 2 cycles were incorporated into the modelling framework and, for the BSC, the annual airsea CO 2 exchange for the Baltic Sea and Danish inner waters increased by 15% for 2011, when the resolution of the marine pCO 2 was changed from monthly to hourly (i.e. to diurnal cycles). Even larger changes in the monthly air-sea CO 2 exchange were simulated when observed variability of pCO 2 was imposed onto the July surface fields of surface water pCO 2 , than when the monthly diurnal cycle was imposed. For the JENA simulations, an increase in the temporal resolution of the surface water pCO 2 (monthly, daily and hourly) resulted in significant changes in the net yearly air-sea flux. The study area has been estimated to shift from being an annual sink to an annual source of atmospheric CO 2 in the year of 2011, when the temporal resolution was increased.
The use of an improved Danish near-coastal surface water pCO 2 climatology in the modelling framework resulted in a simulated annual release of CO 2 to the atmosphere for the Danish near-coastal area, while excluding it resulted in an apparent annual uptake. The choice of surface pCO 2 maps was found to have a crucial impact on the air-sea CO 2 exchange, and better coverage of relevant surface water parameters in coastal areas is needed in order to investigate the net contribution of these areas to the regional or global carbon budget.
Despite the major impact of the chosen pCO 2 fields on the annual air-sea CO 2 exchange, this study also showed that the temporal resolution of surface water pCO 2 is an important factor to include. Likewise, short-term variability in atmospheric pCO 2 is influential, and we urge marine modellers to incorporate atmospheric variability in future studies.
In order to develop a more comprehensive picture of the temporal variability in coastal waters and its influence on carbon budget estimations, it would be interesting to couple a processbased marine model capable of simulating meso-scale dynamics in the surface waters with an atmospheric transport model. This would allow for high resolution modelling of the air-sea CO 2 exchange in coastal areas, over both time and space, while also allowing for the ability to assess the impact of short-term variability on annual fluxes in greater detail. 
